Introduction {#sec1-1}
============

Glioma is a type of tumor in the nervous system that originates from glial cells. It accounts for 30% of all tumors in the central nervous system (Goodenberger and Jenkins, 2012; Chen and Yakisich, 2014). Astrocytoma is the most common type of glioma, originating from astrocytes (Song et al., 2013). Diffuse astrocytoma, also named fibrillary astrocytoma, is a relatively low-grade astrocytoma with the ability to develop into higher-grade astrocytoma (Ranjan et al., 2011). Diffuse astrocytoma is most commonly found in children and young adults (Claes et al., 2007).

The cancer stem cell (CSC) hypothesis posits that only a subset of cells in a cancer is tumorigenic (Jiang and Uhrbom, 2012; Qiu et al., 2012; Zhao et al., 2013). These cells are similar to normal stem cells that can self-renew and differentiate into multiple types of cells in a cancer (Bao et al., 2006a; Wang et al., 2012, 2014; Wu, 2012). Several reports (Bao et al., 2006a; Beier et al., 2007; Shackleton et al., 2009; Jiang and Uhrbom, 2012; Yin et al., 2014) have demonstrated the existence of CSCs in brain gliomas. Emerging evidence (Bao et al., 2006b; Huse and Holland, 2009; Shackleton et al., 2009; Turchi et al., 2013) has shown that a small population of CSCs is responsible for long-term glioma propagation. CSCs are critical for the engraftment and long-term growth of gliomas (Bao et al., 2006b; Huse and Holland, 2009; Jiang et al., 2012; Najbauer et al., 2012; Fang et al., 2013; Liu et al., 2014).

A specific marker of glioma stem cells (GSCs) has been widely searched for, but the results have been inconclusive. CD133 is the most widely used antigen for enrichment of GSCs (Yi et al., 2013; Liu et al., 2014), and has been repeatedly validated in freshly isolated patient specimens (Bao et al., 2006b; Wang et al., 2010). It is the consensus that GSCs have been prospectively enriched by selection of the CD133 cell surface marker (Beier et al., 2007; Shackleton et al., 2009; Liu et al., 2014). CD133 has been used as a GSC marker to identify and isolate a small fraction of cells in gliomas with a significantly increased potential to generate tumor neurospheres (Najbauer et al., 2012; Fang et al., 2013; Liu et al., 2014). However, several studies (Beier et al., 2007; Zhang et al., 2008; Son, 2009; Ivkovic et al., 2012; Noell et al., 2012) have found that CD133^−^ cells may still have the characteristics of GSCs, and that CD133 is not a unique marker for GSCs. Therefore, some authors (Eyler et al., 2008; Dasari et al., 2010; Fan et al., 2010; Muto et al., 2012; Fang et al., 2013) have suggested that CD133 should not be used as a unique marker for collecting glioma stem cells.

Notch activity is critically implicated in the radio resistance of GSCs (Wang, 2010). The Notch pathway can promote or repress tumorigenesis in a context-dependent manner (Azizidoost et al., 2014; Saito et al., 2014). The Notch pathway has functions in cell growth, proliferation, and survival (Chen et al., 2014a; Guichet et al., 2014). A new hypothesis was proposed by some scientists (Eyler et al., 2008; Dasari et al., 2010; Fan et al., 2010; Muto et al., 2012) that glioma cells would only become cancer stem cells if Notch is expressed, leading to sustained self-renewal and potent tumorigenicity, regardless of the expression of CD133 or other markers (Garner et al., 2013; Kristoffersen et al., 2013; Wu et al., 2013a).

Different sub-types of tumors may also have different markers for CSCs (Wieland et al., 2013; Wu et al., 2013b). Although many studies (Bao et al., 2006a; Son et al., 2009; Noell et al., 2012; Wieland et al., 2013) have investigated cell markers for GSCs in the brain, none (Furnari et al., 2007; Louis et al., 2007; Holmberg et al., 2011) have focused on GSCs isolated from recurrent spinal cord astrocytomas. In this study, we focused on identifying a marker for the isolation and generation of xenografts with a small population of original intramedullary diffuse spinal cord astrocytoma cells, and on the key role of the Notch pathway in the development of cerebral xenografts from only a few original spinal cord intramedullary astrocytoma cells.

Materials and Methods {#sec1-2}
=====================

Tissue collection and primary neurosphere culture {#sec2-1}
-------------------------------------------------

A tumor specimen was obtained from a patient with recurrent intramedullary diffuse spinal cord astrocytoma (MRI scan shown in [**Figure 1**](#F1){ref-type="fig"}). The protocol for this study was approved by the Institutional Review Board of Peking University Medical Center, China. The patient and guardians provided written informed consent for surgical operation, medical photography and advanced basic research, as well as for publishing for the study.

![Recurrent intramedullary diffuse spinal cord astrocytoma 6 months after resection in a 42-year-old female suffering from lower extremity weakness and unsteady walk for 5 months.\
The recurrent intramedullary tumor nodule (arrow) is shown on the MRI scan.](NRR-10-244-g001){#F1}

Original astrocytoma cells were seeded at a density of 2,500 cells per cm^2^ in chemically defined serum-free selection growth medium, consisting of basic fibroblast growth factor (bFGF; 20 ng/mL; Chemicon, Temecula, CA, USA), epidermal growth factor (EGF; 20 ng/mL; Chemicon), and serum-free supplement (B27; Gibco, Grand Island, NY, USA, <http://www.invitrogen.com>) in a 3:1 mix of Dulbecco\'s modified Eagle\'s medium (DMEM; Sigma-Aldrich, St. Louis, MO, USA) and Ham\'s F-12 Nutrient Mixture (F12; Gibco, New York, NY, USA). The cultures were incubated at 37°C in a water-saturated atmosphere containing 5% CO~2~. To maintain the undifferentiated state of neurosphere cultures, growth factors were replenished every 2 days. The growth state of the original astrocytoma cells was observed under an inverted microscope, twice per day. When tumor cells starve because of insufficient nutrition, a black center to the glioma neurosphere (as shown by the arrow in [**Figure 2**](#F2){ref-type="fig"}) can be identified under the microscope, indicating that passage should be performed.

![Primary astrocytoma neurosphere culture (inverted microscope).\
When astrocytoma cells were starved because of insufficient nutrition, a black center to the astrocytoma neurosphere (arrow) can be identified, indicating that passage should be performed.](NRR-10-244-g002){#F2}

Flow cytometric analysis {#sec2-2}
------------------------

Neurospheres were dissociated into a single cell suspension using Accutase (eBioscience). Cells were labeled for expression of CD133 according to the manufacturer\'s instructions (MiltenyiBiotec, Auburn, CA, USA) and analyzed on a FACSCalibur flow cytometer (BD Biosciences, Becton Dickinson, San Jose, CA, USA) with CellQuest software (Version 3.3, BD Biosciences, Becton Dickinson, San Jose, CA, USA). In brief, Fc receptors were blocked with blocking reagent and the cells were labeled by incubation with CD133-phycoerythrin (PE) monoclonal antibodies or isotype as a negative control, at 4°C for 10 minutes in the dark. Then, cells were washed and resuspended in 500 μL of wash buffer (PBS containing 0.5% bovine serum albumin and 2 mmol/L ethylenediaminetetraacetic acid). After acquisition, data were analyzed using CellQuest software. CD133^+^ cells were identified by the presence of the marker, which was set according to the isotype control.

Magnetic-activated cell sorting (MACS) {#sec2-3}
--------------------------------------

Tumors were dissociated into single cells using Accutase (eBioscience). Then, CD133^+^ cells were selected by magnetic bead sorting. Cells were incubated with CD133 antibodies conjugated to anti-biotin microbeads. CD133^+^ fractions were collected by eluting the MACS column. Purification of CD133^+^ cells from human gliomas by MACS can also allow for their isolation and growth. The culture condition for CD133^+^ cells was the same as for the original astrocytoma cells.

Establishment of tumor xenograft models {#sec2-4}
---------------------------------------

Original astrocytoma cells (1 × 10^4^) in 5 μL of PBS were delivered into the right parietal lobe (0.5 μL/min) by stereotaxic injection through a glass electrode connected to a Hamilton syringe (Narishige, Tokyo). Stereotaxic coordinates, for injection into ten 4-week-old female BALB/c nude mice (Vital River Company, Beijing, China) were 2 mm lateral to the midline, 2 mm anterior to the coronal suture and 2 mm below the dura. All procedures were performed in accordance with Peking University Animal Care and Use Committee protocols. The original diffuse spinal cord astrocytoma cells were injected into the brains of immunodeficient (BALB/c) mice. Then, the BALB/c mice were divided into a CD133^+^ astrocytoma cell group and a CD133^−^ astrocytoma cell group, with five mice in each group. Mice in the control group were injected with 5 μL of PBS. Head circumference and body mass of mice were measured twice per week after cell suspension or vehicle delivery.

MRI imaging {#sec2-5}
-----------

Xenografts were monitored by MRI scanning from 7 weeks after astrocytoma cell transplantation. A CD133^+^ mouse and a CD133^−^ mouse were scanned. MRI scans were performed on a 3.0-T MRI scanner (Siemens, Germany) with 50 mm diameter × 108 mm radio frequency (RF) rung-length small animal imaging coil (Litzcage small animal imaging system; Doty Scientific Inc., Columbia, SC, USA). Stereotaxic ear bars were used to minimize movement during the imaging procedure. After registering with a triplanar FLASH sequence, MRI studies were performed using fast spin echo T2- and pre T1-weighted MRI scans. An electrophysiological monitoring system was applied to monitor the electrocardiogram (ECG), respiration, and body temperature of mice during the whole procedure. The following parameters were used to acquire MRI scans: fast spin echo T2-weighted multi-echo (30, 60 ms) multi-slice sequences (1,000 ms; 256 × 256 matrix; 13--15 slices at 1 mm thick; 40 mm × 30 mm field of view, number of excitation = 4), and a T1-weighted multi-slice sequence (700/20 ms; 256 × 256 matrix; 13--15 slices at 1 mm thick, 40 mm × 30 mm field of view, number of excitation = 4). To determine the signal enhancement in the tumors, gadolinium-diethylenetriaminepentaacetic acid (Gd-DTPA 0.2 mmol/kg; Guerbet, Aulnay-sous-Bois, France) was intraperitoneally injected. Post contrast T1-weighted images were acquired using the above-mentioned T1-weighted image parameters.

Gross microscopic observation of mouse brain {#sec2-6}
--------------------------------------------

Following anesthesia by intraperitoneal injection of Aldrich (0.2 mL/10 g), mice were sacrificed. The whole brains were taken out carefully under the microscope (SZM7045TR-B2, Lucky Zoom, Ningbo, Zhejiang Province, China). The outline, color and blood supplies on the cortex were observed.

Histological staining {#sec2-7}
---------------------

After fixation in 4% formalin overnight, cerebral tissues were prepared into 5-μm-thick paraffin wax-embedded sections. Paraffin sections were deparaffinized and rehydrated. Sections were subjected to hematoxylin-eosin staining and immunohistochemical analysis. The dilutions and suppliers of primary antibodies used in this study were as follows: glial fibrillary acidic protein (GFAP; mouse, 1:2,000; Dako Denmark A/S, Glostrup, Denmark), nestin (mouse, 1:200; Merck Millipore, Darmstadt, Germany), CD133 (mouse, 1:1,000; MiltenyiBiotec), and Notch (mouse, 1:1,000; MiltenyiBiotec).

Stained tissues were analyzed by light microscope (BX-60, Olympus America Inc., Melville, NY, USA). Images were captured under an Olympus Color View digital camera. Sample preparation, histological staining and imaging process were all performed three times in the same manner.

Results {#sec1-3}
=======

Identification of original astrocytoma cells {#sec2-8}
--------------------------------------------

Among the original intramedullary diffuse spinal cord astrocytoma cells, 49.44% were CD133 positive ([**Figure 3**](#F3){ref-type="fig"}). After identification by flow cytometric analyses, the original astrocytoma cells were continuously cultured.

![Identification of original astrocytoma cells.\
Flow cytometric analyses showed that 49.44% of cells are the CD133^+^ intramedullary diffuse spinal cord astrocytoma cell population.](NRR-10-244-g003){#F3}

Observation and measurement for mice receiving cell transplantation {#sec2-9}
-------------------------------------------------------------------

At 7 and 11 weeks, one CD133^+^ mouse and another CD133^−^ mouse were selected to undergo daily MRI scans according to an obviously enlarged head circumference and fluctuated body mass. Head circumference showed a trend of rapid growth after cell transplantation and peaked at the 8^th^ week. After 8 weeks, the head circumference showed a slight fluctuation. If the head circumference of any mouse receiving cell transplantation was obviously increased after 8 weeks ([**Table 1**](#T1){ref-type="table"}), the mouse underwent MRI and was sacrificed. The body mass of the mice receiving cell transplantation showed a trend toward a gradual increase, and most of them became stable in the later period ([**Table 2**](#T2){ref-type="table"}).

###### 

Head circumference (cm) of mice receiving transplantation of CD133^+^ and CD133^−^ diffuse astrocytoma cells at different time points after cell transplantation

![](NRR-10-244-g004)

###### 

Body mass (g) of mice receiving transplantation of CD133^+^ and CD133^−^ diffuse astrocytoma cells at different time points after cell transplantation

![](NRR-10-244-g005)

MRI scans {#sec2-10}
---------

Xenografts were detected in every CD133^+^ mouse. The xenografts were apparent in T2- and T1-contrast images ([**Figure 4**](#F4){ref-type="fig"}). Xenografts were not observed in any CD133^−^ mouse.

![Cerebral tumor xenograft determined by MRI scans.\
(A, B) Cerebral tumor xenograft (arrows) on T2- and T1-weighted contrast images.](NRR-10-244-g006){#F4}

Gross observation of mouse brain {#sec2-11}
--------------------------------

At 7--11 weeks after cell transplantation, a CD133^+^ mouse and a CD133^−^ mouse were sacrificed every week, with five pairs in total. Under the microscope, three CD133^+^ mice showed a red xenograft nodule with abundant blood supply (**Figure [5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}**) and two CD133^+^ mice showed red-brown lesions on the brain surface around the insert spot (**Figure [5C](#F5){ref-type="fig"}, [D](#F5){ref-type="fig"}**). With the exception of the 4^th^ mouse with an implicated occupied lesion, the whole skulls and brain surfaces of the other CD133^−^ mice were normal, with only the blurry insertion spot left (**Figure [5E](#F5){ref-type="fig"}, [F](#F5){ref-type="fig"}**).

![Gross changes of mouse brain after xenograft implantation.\
(A, B) At 8 weeks after transplantation of CD133^+^ cells, a red xenograft nodule was observed on the surface of one mouse brain. Original magnification: 4× (A) and 10× (B). (C, D) At 8 weeks after transplantation of CD133^+^ cells, a red-brown lesion was observed on the cortex of another mouse brain, indicating the presence of a xenograft. Original magnification: 6× (C) and 10× (D). (E, F) At 10 weeks after transplantation of CD133^−^ astrocytoma cells, a blurry insert needle spot (arrow) was left, without any abnormal lesions on the surface of the mouse brain. A xenograft was present in the subcortex. Original magnification: 6× (E) and 12× (F).](NRR-10-244-g007){#F5}

Histological changes in the xenografts {#sec2-12}
--------------------------------------

The xenografts were apparent by hematoxylin-eosin staining in five mice receiving CD133^+^ astrocytoma cells. At 8 weeks after cell transplantation, a convexity was seen outside the brains of mice receiving CD133^+^ astrocytoma cells ([**Figure 6A**](#F6){ref-type="fig"}). The xenografts looked like a lotus root and lay in the cortex, and partial glioma tissue infiltrated into the white matter (**Figure [6F](#F6){ref-type="fig"}−[J](#F6){ref-type="fig"}**). Positive expression of GFAP, nestin, Notch and CD133 was detected in xenograft tissues in all CD133+ mice (**Figure [6B](#F6){ref-type="fig"}−[E](#F6){ref-type="fig"}, [G](#F6){ref-type="fig"}−[J](#F6){ref-type="fig"}**).

![Histological changes to xenografts after transplantation of CD133^+^ astrocytoma cells.\
(A) At 8 weeks after cell transplantation, xenografts were observed outside the cerebral cortex of CD133^+^ mice by hematoxylin-eosin staining. A large tumor nodule protrudes from the surface of cortex, in which there are atypical cells of different sizes (red oval circle). There are several vessels that supply blood to the tumor nodule in the juncture between the nodule and cortex (as shown by green arrows). Some diffuse astrocytoma cells like pseudopodia infiltrated the surrounding subcortical white matter (as shown by yellow arrows). Original magnification: × 100. (B) Many glioma cells on the surface of cortex of CD133^+^ mouse showed strong GFAP-positive expression, several cells infiltrated deeply into the white matter (pointed by arrow). Original magnification: × 400. (C) Nestin immunoreactivity was seen in vascular cavity, wall, and extracellular matrix (arrow). Original magnification: × 200. (D) Strong Notch immunoreactivity was seen in the cell cytoplasm. Proliferating astrocytoma cells accumulating around the stem cell niche were observed on the same slide. Original magnification: × 400. (E) CD133 immunoreactivity was observed on the astrocytoma cell membrane (arrow). Original magnification: × 200. (F) At 11 weeks after transplantation of CD133^+^ diffuse astrocytoma cells into mouse brain, a xenograft like a lotus root was found in the cortex (green circle). Original magnification: × 100. (G) GFAP immunoreactivity on the extracellular matrix of diffuse astrocytoma cells (arrow). Original magnification: × 40. (H) Nestin immunoreactivity on the pathological vascular cavity (arrow). Extracellular matrix infiltrated deep into the white matter, and a pathological vascular structure was seen inside the xenograft. Original magnification: × 100. (I) Cluster-like Notch immunoreactivity on the astrocytoma cell membrane and cytoplasm in the adjacent subcortex (black circle). Original magnification: × 100. (J) CD133 immunoreactivity was detected on the cell membrane of some scattered astrocytoma cells in a cell niche (arrow). Original magnification: × 400.](NRR-10-244-g008){#F6}

An intra-cortex xenograft around the insertion point was observed only in the fourth CD133^−^ mouse brain after hematoxylin-eosin staining. Notch staining was positive, but CD133 staining was negative (**Figure [7A](#F7){ref-type="fig"}−[C](#F7){ref-type="fig"}**). No xenograft tissues were observed in the brains of any other mouse receiving CD133^−^ glioma cell transplantation. Only gliosis was detected in the brain of other mice in which both CD133 and Notch staining were negative. If only glioma cell xenografts were detected in hematoxylin-eosin staining, the xenograft showed positive expression for Notch in the same sequence tissue slice. However, not all xenografts showed positive expression for CD133 staining. The pathologic microvessels inside the glioma xenograft were observed on the same slides (**Figure [6C](#F6){ref-type="fig"}, [H](#F6){ref-type="fig"}**).

![Histological changes to xenografts after transplantation of CD133^−^ astrocytoma cells.\
(A) At 10 weeks after transplantation of CD133^−^ diffuse astrocytoma cells, an intra-cortex xenograft around the insertion site (arrow) was observed by hematoxylin-eosin staining. Original magnification: × 200. (B) Weak Notch immunoreactivity on partial cytoplasm and extracellular matrix of diffuse astrocytoma cells (arrow). Original magnification: × 400. (C) The xenograft cells showed negative immunoreactivity for CD133 (black circle). Original magnification: × 200.](NRR-10-244-g009){#F7}

Discussion {#sec1-4}
==========

Whether CD133 or Notch can be considered a marker of GSCs remains inconclusive (Eyler et al., 2008; Dasari et al., 2010; Fan et al., 2010; Wang, 2010; Muto et al., 2012; Fang et al., 2013). We found that CD133^−^ original astrocytoma cells formed xenografts in immune-deficient mouse brain. Moreover, the xenografts still showed negative expression for CD133 staining. However, all xenografts showed positive expression for Notch. It was hypothesized that Notch, but not CD133, played a key role in the formation of xenografts from the original diffuse spinal cord astrocytoma cells.

Current therapies for glioma include maximal surgical resection combined with radiotherapy and chemotherapy (Bao et al., 2006b; Furnari et al., 2007; Louis et al., 2007). Despite the significant toxicities of these therapies, most patients with nerve glioma suffer tumor recurrence owing to resistance to therapy (Bao et al., 2006b; Chen and Yakisich, 2014). The tumor regrowth and recurrence suggests that some tumor cells are resistant to therapy at treatment initiation. Because of invasion and infiltration into normal spinal cord white matter, diffuse astrocytoma frequently recurs and regrows as focal masses (Holmberg et al., 2011). Only a fraction of tumor cells are responsible for the recurrence and regrowth of diffuse astrocytoma (Ranjan et al., 2011). A crucial cellular subpopulation of GSCs was identified as having potent cancer stem cell activity (Chen et al., 2014; Wang, 2014), including sustained self-renewal abilities and being relatively resistant to radiotherapy (Bao et al., 2006b) and chemotherapy (Chen and Yakisich, 2014).

There is no consensus on how to select the subset of GSCs from original surgical glioma samples or what might represent a key marker for identifying GSCs (Alqudah et al., 2013; Turchi et al., 2013; Yin et al., 2014; Wieland et al., 2013). Bao et al. (2006b) considered that CD133^+^ cancer cells contribute to glioma radioresistance. However, CD133^−^ cells may still have characteristics of GSCs based on the fact that CD133^−^ cells can form tumors (Eyler et al., 2008; Zhang et al., 2008; Dasari et al., 2010; Ivkovic et al., 2012; Muto et al., 2012).

The definition of CSCs remains functional, requiring sustained self-renewal and tumor propagation (Jiang et al., 2012; Jin et al., 2012; Wang et al., 2014). In our study, the growth of astrocytoma xenografts was closely related to positive expression of Notch. The Notch pathway is a key signaling pathway for GSCs (Alqudah et al., 2013; Hu et al., 2014; Lagadec et al., 2014). Moreover, CD133^+^ is not a representative marker for GSCs. In addition, positive expression of Notch pathway might be correlated with the vitality of GSCs. Once Notch is expressed, regardless of the expression of CD133 or nestin, these astrocytoma cells are activated from the dormant state. These active glioma (astrocytoma) cells began to become active and proliferate, acting as truly functional GSCs (Hu et al., 2014; Lagadec et al., 2014; Saito et al., 2014).

Wang et al. (2010) demonstrated that the Notch signaling pathway plays an important role in the pathogenesis of glioma, and that these malignant brain tumors contained stem-like cancer cells with higher Notch activity. The Notch pathway represents a possible target in stem-like glioma cells, as several groups have shown that glioblastoma GSCs express Notch family genes (Alqudah et al., 2013; Hu et al., 2014; Lagadec et al., 2014). It is known that Notch regulates the self-renewal and differentiation of normal neural stem cells, and that GSCs share many characteristics with their normal cognates, including the signaling pathways that regulate self-renewal (Eyler et al., 2008; Zhang et al., 2008; Dasari et al., 2010; Wang et al., 2010; Muto et al., 2012). Several studies (Eyler et al., 2008; Zhang et al., 2008; Dasari et al., 2010; Ivkovic et al., 2012; Muto et al., 2012) have shown that the Notch pathway is critically involved in regulation of the radio-responsiveness of GSCs.

The usefulness of markers is only reliably apparent when evaluating freshly isolated patient specimens (Huse and Holland, 2009; Najbauer et al., 2012). CD133 and other cell surface markers are molecular interactors that mediate signals between cells and the microenvironment. Therefore, their expression and usefulness in GSC isolation may be missed if evaluated in culture environment *versus* a freshly dissociated tumor (Zhang et al., 2008; Dasari et al., 2010; Wang et al., 2010; Ivkovic et al., 2012). One study (Wang et al., 2010) reported that CD133^−^ cells in fresh specimens are able to grow tumors. These findings highlight the complexity of the CSC hypothesis as well as the field\'s appreciation that no single marker will be adequate to identify all GSC populations. Based on the results of our study, the Notch pathway might play a key role in the proliferation of GSCs and the formation of their microenvironment.

It is noted that the Notch signaling pathway mediates navigation for GSCs. A blocked Notch pathway partially interrupts the internal contact and results in temporary dormancy of GSCs (Hu et al., 2014; Lagadec et al., 2014). After temporary dormancy, the glioma cells can still proliferate into xenografts by activating the Notch signaling pathway (Garner et al., 2013). Blocking the Notch pathway partially suppresses the expression of CD133. Taken together, these findings suggest that Notch may play a particularly important role in promoting engraftment of GSCs and the long-term growth of gliomas. In summary, the Notch pathway plays an important role in the pathogenesis of diffuse spinal cord astrocytoma.
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